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ABSTRACT 

The black hole X-ray transient GX 339—4 was observed with the Swift satellite across 
the hard-to-soft state transition during its 2010 outburst. The ultraviolet (UV) flux 
measured with the filter UVW2 of the Swift/WOT started to decrease nearly 10 days 
before the drop in the hard X-ray flux when the hard-to-soft state transition started. 



The UV flux Ftjv correlated with the X-ray flux Fx as Ftjv oc F : 



0.50±0.04 



before the 



drop in the UV flux. During the UV drop lasting about 16 days, the X-ray flux in 
0.4-10 keV was increasing. The drop in the UV flux indicates that the jet started 
to quench 10 days before the hard-to-soft state transition seen in X-rays, which is 
unexpected. 

Key words: accretion, accretion disks — black hole physics — ISM: jets and 
outflows — X-rays: binaries — X-rays individual (GX 339—4) 



1 INTRODUCTION 

Most known black hole (BH) X-ray binaries (XRB) are tran- 
sient sources. They usually stay in quiescence and occasion- 
ally undergo dramatic X-ray outbursts. These BH transients 
are known to experience different X-ray spectral states with 
particular X-ray spectral, timing and radio prop erties dur- 
ing an outburst (|McClintock fc Remillardll2006t ). including 
two major spectral states. One is called the soft state, the X- 
ray spectrum of which is domin ated by a multi-color black - 
• body from an accretion disk |Shakura &: Sunvae 
The other is called the hard state, the X-ray spectrum of 
which is dominated by a power law with a photo n index 
of 1.5 < T < 2.1 |McClintock fc Remillardl boOrj ) . Radio 
emission with a flat spectrum, which is thought as the self- 
absorbed synchrotron emission from a compact stea dy jet, 
is also a characteristic of the hard state (|Fenderll200ll ). Sup- 
pressed radio emission i n the soft state is t hought to indicate 
the jet is quenched (e.g. lFender et af . 1999). During the tran- 
sition from the hard state to the soft state, the X-ray spectral 
properties are rather transitional and complex. This state is 
called the intermediate state or the steep powerlaw state, the 
X-ray spectrum of which is composed of a steep powerlaw 
component (r ^ 2.4) sometimes combined with a co mpara- 
ble disk component (|McClintock fc Remillardl I200f3 ). Many 
studies attempte d to explain spectral state transitions (e.g. 
lEsin et all 1 19971 ). but to date there are still discrepancies 
between theories and observations probably due to the lim- 
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itation of the underlying stationary accretion assumption, 
which is inconsistent with the observational evidence that 
non- stationary accretion plays a dominating role in determi- 
nation of the luminosit y threshold at wh ich the hard-to-soft 
state transition occurs (|Yu &: Yan! 2009). 

In the hard state, the radio flux and X-ray flux, if 
not considering outliers, display a correlation in a form 



of L T . 



oc Vi 



7 (e.g. ICorbel et all |200C| . 12001 120081 : 
IGallo et al.l 1200a ). indicating the coupling between the jet 
and the accretion flow. A similar correlation also holds be- 
tween the optical/near-infrared (NIR) and the X-ray flu x 
jHoman et al.ll2005l : IRussell et alfaod ICoriat et al.ll2009l ). 
which suggests that the optical/NIR emission has the same 
origin as that of the radio emission, i.e. the optically thick 
part of the jet spectrum can extend to NIR or even op- 
tical band dCorbel fc Fended 120021; iBuxton fc Bailvd 12004 : 



iHoman et al.l 120051 ; IRussell et al.l I2006T) . In contrast to the 
extensive studies of the relations between the radio, opti- 
cal/NIR emission and the X-ray emission, there are much 
less studies about the ultraviolet (UV) emission in different 
X-ray spectral states because of limited UV observations. 
Swift/WOT has three filters to cover the UV band. Simul- 
taneous observations with the UVOT and the XRT onboard 
Swift provide unprecedented opportunities for us to study 
the UV emission in different X-ray spectral states. 

GX 339—4 is one of the best-studied BH X-ray tran- 
sients which undergoes frequent outburst s in the past 
decad es. Because its donor star is very faint (|Shahbaz et al.l 
l200ll) . GX 339—4 during outbursts is therefore an excellent 
target to investigate the UV/optical/NIR emission from the 
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accretion and ejection in the various X-ray spectral states in 
detail. In this paper, we focus on reporting the results ob- 
tained from our proposed Swift observations of GX 339—4 
during the 2010 outburst. We found the UV flux decreased 
well before the hard-to-soft state transition occurred. 



2 OBSERVATIONS AND DATA REDUCTION 

In the past two decades GX 339—4 have undergone rather 
frequent outbursts. There is a unique correlation found be- 
tween the peak flux in th e hard X-ray and the outburs t 
waiting time in this source l|Yu et al.ll2007l ; IWu et al.|[201oh . 
This empirical relation allowed us to predict the peak flux 
in the hard X-ray in an on-going outburst if the time when 
the hard X-ray flux reaches its peak can be determined 
jWu et alJlioToh . GX 339-4 entered a new outburst since 
the beginning of 2010 ijYamaoka et al.ll20ld : iTomsickl^OlO] : 
iLewis et al.l I201Q ) . and then experienced an extended flux 
plateau of about 50 days which was unusual. The accretion 
of disk mass during the extended plateau period was ex- 
pected to cause the actual hard X-ray peak lower than the 
prediction. However we were still able to predict the time 
of the hard-to-soft state transition based on a simple linear 
e xtrapolation of th e rising trend and the relation predicted 
m IWu et etl.1 ( |2010h . We requested a series of target of oppor- 
tunity (TOO) observations with Swift spanned by about 20 
days, which indeed covered the hard-to-soft state transition. 
These observations, together with other TOO observations 
immediately before or after (under Targets IDs 30943,31687) 
were analysed, which covered the period from January 21, 
2010 to June 19, 2010 (MJD 55217-55366). 

Due to high count rates, all the XRT observations of 
GX 339—4 during this period were automatically taken 
in the windowed timing (WT) mode which only provided 
one-dimensional imaging. We processed all the initial event 
data with the task xrtpipeline to generate cleaned event 
files by standard quality cuts for the observations. There 
was no cleaned event data generated for the observation 
00030943009, so we excluded this observation in our XRT 
data analysis. We extracted all the cleaned WT mode events 
using XSELECT v2.4 as part of the HEASOFT v6.11 pack- 
age. Source extraction was performed with a rectangular re- 
gion of 20 pixels x 40 pixels centered at the coordinate of GX 
339—4 and the background extraction was performed with 
two rectangular regions of 20 pixels x20 pixels whose centers 
are 50 pixels away from the coordinate of GX 339—4. Some 
observations with high count rates (> 150 c/s) are affected 
by the pile-up. The easiest way to avoid distortions produced 
by the pile-up is to extract spectra by eliminating the events 
in the core of the point spread function (PSF). The method 
by investigating t he grade distribution (|Pagani et al.|[200r3 ; 
iMineo et al.ll2006f ) was used to determine the excluded re- 
gion, which was chosen as the central 2 pixels x 20 pixels, 4 
pixels x 20 pixels, 6 pixels x 20 pixels and 8 pixels x 20 pixels 
when the count rate was in the range of 150-200 c/s, 200-300 
c/s, 300-400 c/s and 400-500 c/s, respectively. After events 
selection, we produced the ancillary response files (ARFs) 
by the task xrtrnkarf. The process included inputting ex- 
posure maps with xrtexpomap and applying the vignetting 
and PSF corrections. The standard redistribution matrix 
file (RMF, swxwt0to2s6.20010101v014.rmf) in the CALDB 
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Figure 1. From top to bottom, Swift/XRT spectral parameters 
column density Njj, inner disk temperature T; n , photon index, 
reduced x 2 , the RXTE/ ASM and Swift/B AT lightcurves, and the 
hardness ratio between the BAT and the ASM fluxes. The vertical 
dotted and dashed lines indicate the time interval when the source 
transited between the hard and the soft state. 



database was used for the spectral analysis. All the spectra 
were grouped to at least 20 counts bin -1 using grppha to 
ensure valid results using x 2 statistical analysis. 

Swift/XJVOT has six filters: V, B, U, UVW1, UVM2 
and UVW2. We applied aspect corrections to all the UVOT 
data by using uvotskycorr. For each observation, the sky im- 
age of each filter was summed using uvotimsum in order to 
increase photon statistics, then the spectral files which are 
compatible with XSPEC can be created by uvot2pha. We 
performed aperture photometry with the summed images 

by using uvotsource with an aperture radius 5 . The back- 
ground region was chosen in a larger void region, which is 
away from the target. The photometry results in AB mag- 
nitude system are shown in the upper panel of Fig. [2] 



3 DATA ANALYSIS AND RESULTS 

All the XRT spectra were fitted in XSPEC vl2.7.0. The 
photons with energies below 0.4 keV were ignored during the 
spectral fits because of hot pixel problems at lower energy 
(Kim Page, private communication). The 0.4-10 keV X-ray 
spectra during the period of MJD 55217-55293 can be fitted 
well by a model composed of an absorbed powerlaw with an 
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Figure 2. The X-ray and UV/optical lightcurves of GX339-4 
across the hard-to-soft state transition during the 2010 outburst. 
Spectral state boundaries are indicated by the vertical lines. The 
UVOT photometry results are plotted in the upper panel. The 
UVW2 filter was used through all the observations. The UV flux 
initially increased with the X-ray flux, and then decreased after 
MJD 55285, while the X-ray flux was still increasing. 



photon index ~ 1.61-1.79, which indicates the source was in 
the hard state. Then the photon index steepened (T ~ 2.09- 
2.49) in the period of MJD 55297-55324 and an additional 
disk component was required after MJD 55302, indicating 
the sourc e was leaving from the hard state to the soft state 
(see also iMotta et alj 2010h . The fitted Nh shows a sudden 
increase during the state transition. A possible reason for the 
high absorption is that the powerlaw model does not exhibit 
a low energy cut-off which is caused by the seed photon of 
the Comptonization. We fitted the XRT spectra in order 
to get the photon index and to estimate the X-ray flux, and 
the discussion of the physical spectral components is beyond 
the scope of this paper. So we used the simple powerlaw 
model rather than the Comptonization models for simplicity. 
The 0.4-10 keV X-ray spectra taken after MJD 55334 can 
be fitted with only an absorbed multi-color disk blackbody 
model (Ti„ ~ 0.84-0.87 keV), indicating that the source has 
entered the soft state. The best-fit spectral parameters are 
plotted in Fig.[T] These model parameters were used to show 
the spectral states the source resided in (see Fig. [T]) and to 
estimate the 0.4-10 keV X-ray flux (see Fig. [2|. We also 
plotted the public daily lightcurves of GX 339—4 obtained 
from the RXTE/ ASM and the Swift /B AT in Fig. □ The X- 
ray spectral states are distinguishable by the hardness ratio 
between the count rates in th e BAT (15-50 keV) and in 
the A SM (2-12 keV) (see also lYu fc Yadliooll iTang et all 
l201ll ). consistent with the XRT spectral results (see Fig.[T]). 
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Figure 3. UVW2 band flux vs. 0.4-10 keV X-ray flux. The cir- 
cles represent the data when the UV flux increased, the diamonds 
represent the data when the UV flux decreased, the triangle rep- 
resent the data in the soft state, and the squares represent the 
rest of data. The data with maximal UV flux is the end of UV 
flux increase and the start of the UV flux decrease, so two sym- 
bols (a circle and a diamond) were plotted on this data. The solid 
line shows the best power-law fit to the data during UV flux in- 
creasing (circle symbols) with an index of 0.50±0.04. The dotted 
line shows how the X-ray and UV fluxes evolve, and the arrow 
indicates the beginning. 



The upper panel of Fig. [2] shows the magnitudes of six 
UVOT filters in different X-ray spectral states. The UVW2 
filter was used throughout all the observations. The flux 
in the UVW2 band increased with the X-ray flux at the 
beginning, and then began to decline about 10 days be- 
fore the hard-to-soft state transition started. The UVW2 
flux decreased by about 62% in a period of 16 days since 
MJD 55285 and then kept at a steady level (see Fig. [2J). 
Yale SMARTS XRB project Q has offered optical/NIR pho- 
tometric coverage of this outburst on a daily basis. The op- 
tical/NIR flux also showed a drop (see als o Russel fet al.l 
l2010al ; ICadolle Bel et all l201ll ; iBuxton et ail I2OI2I ), which 
was simultaneous with the UV flux drop within the uncer- 
tainties of the sampling. The flux decreased by about 80% 
in V band, 84% in I band, 92% in J band and 94% in H 
band, respectively. As we can see, the decreased amplitudes 
were wavelength dependent, i.e. the flux decr eased more at 
lower frequencies than at higher ones (see also iHoman et al.l 
2005). Moreover, s uch a drop in radio flux was also seen 
ijZhang et al.ll2012T ). implying a common physical origin for 
the flux drops in the broad bands. 

We further investigated how the UV flux correlated with 
the X-ray flux in the hard state and across the hard-to-soft 
state transition during the 2010 outburst of GX 339—4 (see 
Fig. [3]). The UV flux correlated with the unabsorbed 0.4— 
10 keV X-ray flux in a power-law form with an index of 
~ 0.50T0.04 before its drop. The X-ray flux and the UV flux 
in the soft state did not follow this correlation (see Fig. |3J), 
indicating that the origins of the UV emission differ between 
the hard state and the soft state. 



http: / /www. astro. yale.edu/buxton/GX339/ 
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4 DISCUSSION 

The origin of the UV emission of black hole X-ray binaries in 
the hard state has not been well-understood. The UV emis- 
sion could be from the jet, the cool disk , the hot ADAF and 
X-ray reprocessin g in the accretion dis k ( Markof f et al .120031 ; 
lYuan et al.l 120051 ; iRvkoff et all 120071 ; iMaitra et all l2009h . 
Let's look at these options in details. The correlation of the 
form of Fuv cc F% 50±OM (see Fig. [5J before the UV flux 
drop is quantitatively inconsistent with a disk origin of the 
UV emission, since the UV flux -Fuv should be proportional 
to th e X-ray flux as F® 3 for a simple viscously heated disk 
(see iRussell et all [2006). X-ray reprocessing in the accre- 
tion disk could be a promising option if not considering the 
UV flux d rop before the hard-to-soft transitio n we report in 
the paper. Ivan Paradiis fc McClintockl (I1994T ) has predicted 
the emission of X-ray reprocessing should be proportional 
to Lx 5 , which was seen in XTE J1817-330 during the de- 
cay of the 2006 outburst in which the UV luminosity was 
found to correlate with the 2-10 keV X-ray l uminosity as 
L a x where a = 0.47 ± 0.02 l|Rvkoff et al.l 120071 ). In the case 
of GX 339—4 the UV flux drop was accompanied by an X- 
ray increase, against the X-ray reprocessing interpretation. 
Therefore the origin of the UV emission before the UV flux 
drop as X-ray reprocessing by the outer disk is also ruled 
out. 

The flux drop in the radio or optical/NIR band usually 
associated with the hard -to-soft state t ransit i on is thought 
due to the jet quench l|Fender et al.l 1 19991 ; iHoman et al.l 
l2005l ; ICoriatet al. 2009). In the observations we analyzed, a 
drop of the UV flux started about 10 days before the tran- 
sition. The flux drop is similar to those drops in the radio, 
the NIR, and the optical, which is highly suggestive of a 
common origin. So the drop in the UV flux should be due 
to jet quenching as well. 

After the jet quenched, the UV/optical/NIR fluxes de- 
clined to a steady flux level, indicating additional com- 
ponents other than the compact jet contributed to the 
UV/optical/NIR emission. The likely source is the X-ray ir- 
radiation, since the steady UV/optical/NIR fluxes maintain 
throug h the soft state, and w e found the irradiation model 
diskir (iGierliriski et al.ll200 9) can provide an acceptable fit 
to the UVOT and XRT data in the soft state. Moreover 
when the hard X-ray reached its maximum, the UV/optical 
emission was at a very low level (see Fig. [2}, indicating po- 
tential X-ray irradiation contributes little UV/optical/NIR 
emission. Therefore, the dominant UV/optical/NIR emis- 
sion during the rising phase of the outburst was from the 
compact jet. 

The scales of the flux densities corresponding to the 
drops in the UV/optical/NIR bands (peak flux density mi- 
nus the steady flux density after the jet quenching) should 
be all contributed by the compact jet, if the X-ray irradia- 
tion also contributed a steady level of UV/optical/NIR flux 
densities during the jet quenching. Then the scales of the 
dereddened flux densities corresponding to the drops in the 
UV/optical/NIR bands can be used to construct a spectral 
energy distribution (SED) of the emission from the compact 
jet. However, the observed SED in UV/optical/NIR bands 
is highly influenced by the extinction, which is not well con- 
strained in GX 339—4. We then used different color excesses 
to deredden the scales of the flux densities corresponding 



to the dro ps in the UV/optical/ NIR bands with the extinc- 
tion law of lCardelli et al.l (|l989l ) . To convert the magnitudes 
obtained from SMARTS to fl u x den sities, we used the zero- 
point fluxes in Be ssell et al.l (|l998l ). We then constructed 
the SED in the wavelength from radio to UV/optical/NIR 
in order to investigate the jet spectrum. The flux density 
of UVW2 band reached its peak on MJD 55285, the closest 
radio observation (on MJD 55286) shows the radio flux den- 
sities were 2 2.38 mjy and 25.07 mjy at 5.5 GHz and 9 GHz, 
respectively (|Zhang et al.ll20l"2T ). The two radio flux densities 
can be well fitted by a power-law with an index ~ 0.19, which 
is consistent with the optically thick synchrotron emission of 
the jet. If using the co lor excess of E(B — V) = 1.2 given by 
IZdziarski et alj (|l998l ) , the extrapolation of the radio spec- 
trum coincides with the scale of the dereddened flux density 
corresponding to the drop in the UVW2 band, indicating 
that the optically thick spectrum of the jet might had ex- 
tended to the UVW2 band. But the scales of the dereddened 
flux densities corresponding to the drops in the V, I, J and 
H bands are all below the extrapolation of the radio spec- 
trum. We found the UV-NIR SED can be well fitted with 
two power-law components. From the H band to the I band, 
the power-law index was about —0.27, and from the I band 
to the UVW2 band, the power-law index is about +1.16. The 
data in different wavelengths were not exactly simultaneous. 
So this complex SED may be caused by the large variation 
of the jet spectrum on the timescale of le ss than one day in 
the optical/NIR band (|Gandhi et al.l2011 ). If using the color 
excess of E(B-V) = 0.94 given bv lHoman et~aH (|2005l ). the 
scales of the dereddened flux densities corresponding to the 
drops in the UV/optical/NIR bands were all below the ex- 
trapolation of the radio spectrum and also show a turnover 
feature in the I band. The turnover feature can be well fitted 
with two power-law components with the power-law index 
~ —0.66 from H band to I band, and ~ +0.16 from the I 
band to the UVW2 band. If using the much smaller color 
excess of E(B - V) = 0.66 given bv lMotch et~aH (|l985l ). the 
scales of the dereddened flux densities corresponding to the 
drop in the UV/optical/NIR bands can be well fitted by a 
single power-law with an index of —1.06, which is roughly 
consistent with the optically thin part of the jet spectrum. 
Therefore, different color excess leads to different conclusion 
about the jet spectral properties. The jet spectrum can not 
be well constrained in the UV/optical/NIR bands due to 
large uncertainties in the estimation of the extinction. 

However, because there is a positive correlation between 
the UV and the X-ray fluxes during the UV flux rise (-Fuv oc 
-F x .50±o.O"S see also Fig. EJ), we suggest that the optically 
thick part of the jet spectrum could extend to th e UVW2 
band (see, e.g., the discussion in ICoriat et al.l2009h . If this is 
true, the break frequency between the optically thick and the 
optically thin parts of the jet spectrum should have been in 
the UVW2 band or higher frequencies. Then a lower limit of 
— 1.17 on the spectral slope of the optically thin synchrotron 
emission of the jet can be given by a power-law fit from the 
UVW2 band to 0.4 keV, which is steeper than the typical 
spectral slope (~ —0.7) of the optically thin synchrotron jet 
emission. Spectral slopes steeper than — 0.7 have been found 
before, for example, -0.95 in GX 339-4 jDincer et alll 20121 ) 
and -1.5 in XTE J1550-564 (|Russell et al.ll2010bl ). 

If the UV flux is mainly from optically thick synchrotron 
emission of the compact jet, the jet should be very energetic. 
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We estimated the radiative flux of the jet at the UV peak 
was 3.21 x 10 -9 ergs s _1 cm 2 by extrapolating the radio 
spectrum from 5.5 GHz to UVW2 band. The corresponding 
0.1-100 keV X-ray flux, extrapolated from the 0.4-10 keV 
spectrum, was about 2.53 x 10~ 8 ergs s _1 cm 2 , correspond- 
ing to ~ 0.15 I/E dd if adopting a dist ance of 8 kpc and a 
mass of 10 Mq l|Zdziarski et all 12004 ). Taking reasonable 
radiative efficiency of the jet of about 0.05 and the Doppler 
correction factor of about 1 (lFenderll200ll ; ICorbel fc Fender! 
2002), the jet power Pj Gt is about 2.5 times of the X-ray lumi- 
nosity Lx- This is larger than previous estimates of Pjct/ix 
in th e hard state of GX 339—4, which were all less than 1 
(e.g. ICorbel fc Fenderll2002l ; iDincer et alj|2012h . Moreover, 
the jet power at the UV flux peak was greater than the X-ray 
luminosity during a bright hard state of more than 0.1 LEdd, 
much hi gher than the critica l value of 4 x 10~ 5 Z/Edd deter- 
mined in lFender et al.l (|2003r ). It is worth noting that a much 
lower jet power ( Pj c t/£x ~ 0.05) was s een in GX 339—4 
at sim ilar X-ray luminosity ~ 0.12 I/Edd jCorbel fc FendeH 
2002). Therefore similar X-ray luminosity corresponds to 
a large range of jet power in the same source. This phe- 
nomenon is similar to the hysteresis effect of spectral state 
transitions, in w hich mass accret ion rate is not the dom- 
inant parameter l|Yu fc Yanll2009h . This suggests that the 
jet power might be determined by non- stationary accretion, 
which leads to insignificant dependence on the mass accre- 
tion rate or X-ray luminosity. 
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